Phenolic compounds are major constituents of red wines and impact on certain wine-quality parameters. This study has aimed to increase the knowledge base on the phenolic composition of South African red wines by HPLC quantification of 39 individual phenols and 2 polymeric, phenolic groups in 260 South African wines of the cultivars Pinotage, Shiraz and Cabernet Sauvignon. Statistical analysis of the collected data revealed significant cultivar differences in the levels of many of the analysed compounds, as well as in the ratios in which specific anthocyanins are found in the wines. These data may be helpful in the cultivar authentication of wines of these cultivars. Discriminant analysis of the data showed statistically significant separations of cultivars, based on their polyphenol composition, and also how the use of data from a specific wine-producing area or vintage improved the possibilities for successful authentication. The data were collected from both pure cultivar wines and commercial wines, which may contain up to 15 % of another cultivar wine. The collected data may therefore be further segmented into those obtained from pure cultivar wines and those obtained from blended wines in order to further enhance the accuracy of authentication of these respective groups of wines. The information obtained from this study opens several avenues for research on the impact of the noted cultivar differences on wine quality. Cultivar differences in the phenolic composition of young red wines also have important implications for the oenological management of oxidation reactions taking place during vinification and aging.
Phenolic compounds are major constituents of wine and have an impact on certain sensory properties such as colour, mouth-feel characteristics and taste (bitterness) (Gawel, 1998; RibereauGayon et al., 2001) . Manipulation of the levels of these compounds in wine through the application of viticultural and oenological practices may therefore be a useful tool to improve wine quality. However, knowledge is lacking on exactly which polyphenols are responsible for specific sensory observations and little is known about the polyphenol composition of South African red cultivar wines. Recently, a typical polyphenol profile or fingerprint was compiled for Pinotage (Rossouw & Marais, 2003) . This cultivar was developed in South Africa and is an important local asset.
Different groups of phenolic compounds are found in wine, including phenolic acids, cinnamic acid esters, flavonols, flavan-3-ols and anthocyanins. The group known as phenolic acids can be further subdivided into benzoic and cinnamic acids. Table 1 shows the basic structures of some of these compounds with examples from each group and the sensory impacts these compounds may potentially have in wine.
Anthocyanins, the pigments responsible for red wine colour, are increasingly being used in the authentication of red cultivar wines (Revilla et al, 2001; Burns et al, 2002) . The relative levels of these compounds in the grapes of different cultivars show clear distinctions and have been used to determine the parentage of grape cultivars (Castia et al, 1992) . The use of these relative ratios in wine authentication has, however, been debated in the scientific literature. Some opposing viewpoints exist as to the usefulness of some of these ratios as sole measures of cultivar authenticity (Burns et al, 2002) . It is possible that cultivar-associated differences in the levels of polyphenols, other than anthocyanins, could exist which could be a further aid in the more reliable authentication of wine cultivars. Polyphenol composition differences could contribute towards distinctive sensory characteristics expressed by wine from different cultivars.
The purpose of this study was to obtain a general overview of the polyphenol composition of South African red wines of the cultivars Pinotage, Shiraz and Cabernet Sauvignon, in order to alleviate to some extent the lack of knowledge that exists in this field. Such knowledge could be a useful tool both in wine-quality manipulation as well as in the cultivar authentication of South African red wines of these cultivars. wines, according to the South African certification system. The samples were mostly representative of the wine-producing regions in South Africa; the only exception was that an insufficient number of Shiraz samples from the Olifantsriver wine region were obtained. The polyphenol composition of each of these wines was determined, using the HPLC method C described by Waterhouse et al. (1999) . Compounds were separated on a PLRP-S, 5(j. 100 A, column of Polymer Labs using a Spectra System P2000 pump of Thermo Separations products with a vacuum degasser and AS 1000 autosampler. Detection was achieved using a Spectra Systems UV6000LP diode array detector. Wines were stored at 0°C until analysis. Quantification of phenolic compounds was done using external standards, which were commercially obtained from Polyphenols and Extrasynthese.
MATERIALS AND METHODS
Anthocyanins were detected at 520 nm using malvidin-3-O-glucoside as external standard, hydroxycinnamic acids at 316 nm using caffeic acid, flavonols at 360 nm using rutin, flavanols at 280 nm using (+)-catechin and phenolic acids at 280 nm using gallic acid. Identities of individual polyphenols were confirmed by authentic standards. Authentic standards for the acetylated and coumarylated anthocyanins as well as for caftaric and coutaric acid were not commercially available. The identities of these compounds were confirmed by their relative retention times and UV-visible absorption characteristics, using Singleton et al. (1978) , Castia et al (1992) , Price et al (1995) , Waterhouse et al. (1999) and Peng et al. (2002) as references. Discriminant analysis of the analytical data was performed using SAS/STAT, Version 8 (SAS Institute, Inc., USA, 1999).
RESULTS AND DISCUSSION Table 2 shows the mean concentrations of polyphenols determined in the Pinotage, Shiraz and Cabernet Sauvignon wines. Statistically significant differences were found between cultivars in the mean concentrations of certain polyphenols. Some of the most striking differences were significantly higher mean levels of the flavonols quercetin-glucoside (isoquercetin), quercitrin, quercetin and isorhamnetin in Shiraz wines, compared to Pinotage and Cabernet Sauvignon wines. Quercetin has been shown to elicit a bitter taste with weak astringency (Dadic & Belleau, 1973) . These compounds have a yellow colour (Ribereau-Gayon et al, 2001 ) and may therefore have an impact on wine colour. They are also very effective copigments for anthocyanins, the pigments responsible for red wine colour. Wine colour intensity is increased and colour hue is altered by this copigmentation process (Boulton, 2001) . It needs to be determined to what extent the observed higher levels of flavonols found in Shiraz wines impact on taste (bitterness), intensify colour or alter colour hue, compared to other cultivar wines that contain lower levels of flavonols.
Another important observation is the significantly higher levels of caffeic acid and caftaric acid found in Pinotage wines (Table 2) . Cinnamic acids such as caffeic and its tartrate ester, caftaric acid, have been described as bitter and astringent (Dadic & Belleau, 1973; Ong & Nagel, 1978) . However, Verette et al (1988) found neither caftaric acid nor caffeic acid to be bitter at concentrations higher than those found in the present study. Cinnamic acids can be expected to have little sensory impact in wine individually, due to the relatively low concentrations in which they occur. However, as a group together with benzoic acids they may well have more impact, due to a synergistic lowering in the taste threshold of such mixtures (Maga & Lorenz, 1973; Gawel, 1998) . In Pinotage wine the individual concentrations of caffeic and caftaric acid may possibly be sufficiently high to have an impact on wine taste, but this still has to be assessed. The unidentified anthocyanin, which is denoted Pino in Table 2 , could possibly be Pinotin A, identified by . The Pino peak had similar HPLC elution characteristics to those described by Schwarz et al (2004) , for Pinotin A and its diode array spectrum agreed with the absorbance spectrum of Pinotin A as described by . Pinotin A is a reaction product of malvidin-3-O-glucoside and caffeic acid. The mean concentration of Pino is significantly higher in Pinotage wines compared to wines of the other two cultivars (Table 2) , which may be ascribed to the higher concentration of caffeic acid found in the wines from this cultivar. Pinotin A and other similar pyranoanthocyanins have a more orange or brick-red hue compared to the bluish-red hue of malvidin-3-O-glucoside and they are much less susceptible to pH shifts and retain their original colour over a much wider pH-range . Due to these unique colour properties of Pinotin A, differences in its concentration in wine may have an impact on wine colour. Cabernet Sauvignon wines contained higher levels of acetylated anthocyanins than the other two cultivars ( Table 2 ). The only observed exception to this generalisation was peonidin-glucoside-acetate, which was highest in Shiraz wines. This may be due to the significantly higher mean level of peonidin-glucoside found in these wines. Shiraz wines also contained significantly higher levels of p-coumarylated anthocyanins, compared to the other two cultivars. Acylation of anthocyanins does change the colour hue expressed by these molecules in solution (Giusti & Wrolstad, 2003) . The observed cultivar differences in acylation of anthocyanins may therefore possibly lead to differences in colour hue expressed by these cultivars.
Significant differences could also be seen between cultivar wines in their content of monomeric, dimeric and polymeric flavan-3-ols. Such differences may make a notable impact on the taste (bitterness), mouthfeel and colour of wines. The high molecular weight polymeric flavan-3-ols are more astringent than the smaller oligomers. However, astringency increases up to the heptamer level and then starts to decrease (Ribereau-Gayon et al., 2001) . The monomers (e.g. catechin), dimers (e.g. procyanidin B1) and trimers have a more bitter taste than the polymeric forms (Arnold et al, 1980; Peleg et al, 1999) . The ratio of smaller oligomeric to larger condensed procyanidins in a wine could therefore influence the perceived ratio of bitterness to astringency. The monomeric, oligomeric and polymeric flavan-3-ols also play an important role in the stabilisation of wine colour. Anthocyanins are not stable and may degrade under certain conditions, leading to a loss of colour and therefore wine quality (Romero & Bakker, 2000) . However, pigments of young wines may be altered and stabilised during ageing by the reaction of anthocyanins with flavan-3-ols to yield complex, polymeric pigments (Peng et al, 2002) . This reaction leads to a change in wine colour from the purple red of young wines to the more brick red hue observed in older red wines (Romero & Bakker, 2000; Mateus & De Freitas, 2001 ). The ratio of anthocyanins to flavan-3-ols in any given wine could therefore have a marked impact on the final, stabilised colour of such a wine (Ribereau-Gayon et al, 2001) . Differences in the phenolic composition of wines may have an influence on the rate at which important oxidation reactions take place in wine (Boulton, 2001 ). Cultivar differences in the phenolic composition of young wines will therefore have an influence on oenological practices, such as the management of oxygen concentration in wines during micro-oxygenation.
The concentrations of seven unknown compounds (denoted as hydroxycinnamate 15, flavanol 20, flavanol 33, flavonol 41, flavonol 42, flavonol 46 and flavonol 50), generally found in the analysed cultivar wines, are also shown in Table 2 . The tentative designation of each of these compounds into their respective phenolic group was based on their absorption spectra as determined by diode-array detection during HPLC analysis. Although their identities are not known at this stage, they are major constituents of wine and, most importantly, their concentrations showed clear cultivar differences. Only the concentration of flavonol 41 did not show statistically significant differences between cultivars. Flavonol 50 is most probably a quercetin-glucuronide, based on the elution order of flavonols described by Price et al. (1995) , who used a PLRP-S column, similar to that used in this study. Flavanol 20 may be procyanidin B3 or a dimer of catechin and gallocate- 35.40 CL = Confidence limit for individual measurements; glue = glucoside; coum = coumarate; Delph = delphinidin; Cyan = cyanidin; Pet = petunidin; Peo = peonidin; Malv = malvidin. #1 = Mean values in rows designated by the same letter superscript do not differ significantly (p < 0.05). chin, and flavanol 33 may be epigallocatechin or procyanidin B4, based on the elution order of procyanidins under reversed-phase HPLC conditions (Dallas et al, 1995 ; Pascual-Teresa et a/.,1998). Table 2 also shows the 95% confidence limits for individual measurements. These limits indicate the concentration range within which 95% of individual measurements of a specific polyphenol can be expected to fall for a specific cultivar. These confidence limits can be used as tools in cultivar authentication. For instance, Table 2 indicates the 95% confidence range for isorhamnetin in Shiraz, Pinotage and Cabernet Sauvignon wines to be 1.14 -11.94, 0.79 -3.86 and 1.43 -5.48 mg/L, respectively. It would therefore cast doubt on the authenticity of a Pinotage or Cabernet Sauvignon wine, but not a Shiraz wine, that has an isorhamnetin level above 6 mg/L. Similarly, the confidence limits for each of the other analysed polyphenols can be used to determine whether a wine, stated to be of a specific cultivar, contains polyphenol levels that fall within expected limits. The use of these confidence limits as a measure of authenticity may, however, become complicated by the fact that a wine may fall within the determined confidence ranges for several polyphenol concentrations and for others not. The confidence limits depicted in Table 2 were calculated using data obtained from both pure cultivar wines (young wines) and commercial wines, which may contain up to 15% of another cultivar wine. These data are therefore applicable to both pure cultivar wines and blended wines. For increased accuracy, a wine known to be blended can also be authenticated using only the data collected from blended commercial wines.
Discriminant analysis can be used to analyse data of all the different polyphenols and determine whether discrimination between cultivars is possible (Gonzalez-Neves et al, 2001) , and also determine the cultivar origin of an unknown wine. Discriminant analysis was therefore done on the individual analytical measurements from Table 2 (Fig. 1) . Data on the concentrations of the seven unknown compounds (hydroxycinnamate 15, flavanols 20 and 33 and flavonols 41,42,46 and 50) were not used in this initial analysis. It is clear that this statistical analysis method was able to successfully discriminate between the three cultivars.
The canonical coefficient function loadings of the discriminant analysis (Table 3) indicated that the concentrations of caffeic acid, caftaric acid, petunidin-glucoside, coutaric acid, p-coumaric acid, delphinidin-glucoside, malvidin-glucoside-acetate and quercetin were most important in discriminating between cultivars using function 1. The concentrations of isorhamnetin, kaempferol, caffeic acid, petunidin-glucoside, peonidin-glucoside, malvidin-glucoside, delphinidin-glucoside and petunidin-glucoside-/?-coumarate were most important to discriminate between cultivars using function 2. Function 1 was the most effective function in discriminating Pinotage wines from wines of the other two cultivars and function 2 in discriminating between Shiraz and Cabernet Sauvignon wines (Fig. 1) . It is important to note that neither polymeric phenols nor polymeric pigments have high canonical coefficient function loadings and were therefore not very important in discriminating between wines of these three cultivars. The monomeric flavan-3-ols, catechin and epicatechin were much more notable contributors towards cultivar discrimination. The concentration of Pino, a compound most possibly identical to Pinotin A described by Shwarz et al. (2003) , was a fairly strong distinguishing compound for Pinotage. This would be expected for Pinotin A in Pinotage wine due to the much higher concentration of the Pinotin A precursor, caffeic acid, found in this wine. Both caffeic acid and caftaric acid were strong distinguishing compounds in the direction of Pinotage. As could be expected from the genetic control of their concentrations in grapes (Castia et al., 1992) , nearly all of the anthocyanin concentrations were important distinguishing compounds. A notable exception to this generalisation is Vitisin A, which forms by a reaction of malvidinglucoside with pyruvate during viniflcation and wine storage (Romero & Bakker, 2000) . Of special note is the high importance of flavonols in discrimination between wines of these three cultivars as judged from their generally high canonical function loadings. Many of these compounds, especially isorhamnetin, are strongly distinguishing in the direction of Shiraz.
The estimated cross-validation discrimination error rate was calculated as 1.33%. This error rate could be minimized to 0% if the seven unknown compounds are also used in the analysis. The canonical coefficient function loadings for this analysis indicate relatively high values for some of these unknown compounds (Table 3 ). The inclusion of these unknown compounds as variables in the discriminant analysis increased the squared Mahalanobis distances between cultivars, which gives an indication of the degree of discrimination obtained (Table 4 ). The unknown flavanols 20 and 33 were mainly responsible for the improvement in the discrimination of Cabernet Sauvignon from the other cultivar wines, due to their much higher concentrations found in Cabernet Sauvignon wines.
Discriminant analysis could also distinguish between certain vintages for each cultivar individually. For example, Fig. 2 shows the graphical representation of the results for the Shiraz wines. The canonical coefficient function loadings of discriminant analysis indicated that for each cultivar different compounds were important to discriminate between vintages. It was not possible to discriminate between vintages when data from all three cultivars were combined (data not shown). The use of data from a specific vintage (Fig. 3) or wine-producing area (Fig. 4) crimination between cultivars, observed as an increase in the squared Mahalanobis distances between cultivars (Table 4) , and lowered the error rate of the analysis. This approach could be advantageous in the authentication of wine cultivars. Practically speaking, this would mean that it is best to compare a wine under scrutiny with wines from the same vintage and area to confirm its cultivar identity.
The relative concentration ratios in which anthocyanins are found in different cultivar wines, especially the ratio of acetylated to p-coumarylated anthocyanins, are increasingly being used in cultivar authentication (Revilla et al, 2001; Burns et al. 2002) . Table 5 shows the mean relative anthocyanin concentration ratios of the wines, expressed as % fraction of the total anthocyanins, and also the 95% confidence limits for individual ratio determinations. These limits indicated the range within which 95% of individual ratio calculations of a specific anthocyanin ratio can be expected to fall for a specific cultivar. They can be used to determine whether a stated cultivar is authentic or not. Only the concentrations of the nine main wine anthocyanins, namely the five mono-glucosides and the acetylated and coumarylated derivatives of peonidin-and malvidin-glucoside, were used in calculating the different anthocyanin ratios. The total anthocyanin concentration was therefore the sum of the concentrations of the nine main anthocyanins. The total acylated anthocyanins were calculated as the sum of the acetylated and coumarylated derivatives of peonidin-and malvidin-glucoside. The ratios of acetylated to coumarylated anthocyanins are also shown in Table 5 . The data clearly indicate significant differences between cultivar wines with respect to their anthocyanin ratios. Pinotage wines, for example, contained significantly lower levels of total acylated anthocyanins than Shiraz or Cabernet Sauvignon wines. This is not surprising when considering the heritage (Pinot noir x Cinsaut noir) of this cultivar, since Pinot Noir wines contain no acylated anthocyanins (Mazza et al., 1999) .
CONCLUSIONS A large amount of data has been collected on the phenolic composition of South African red wines of the cultivars Pinotage, Shiraz and Cabernet Sauvignon. Significant differences were found between these cultivars in the mean levels of certain phenolic compounds, including some unknown compounds. Due to the fact that these unknown compounds are helpful in discriminating between cultivars and that they are found at relatively high concentrations in wine, it is necessary to determine their identities. The data obtained in this study will be helpful in future as a tool in the cultivar authentication of wines from these cultivars. Even though the data were collected from both pure cultivar wines and commercial wines, which may contain up to 15% of another cultivar wine, good discrimination between cultivars could be obtained based on phenolic composition. The collected data may therefore be further segmented into that obtained from pure cultivar wines and that obtained from blended wines in order to further enhance the accuracy of authentication of these respective groups of wines. In addition, more wines from different vintages and wine-producing areas should be analysed in order to broaden the database and to make statistical analyses, applicable to specific vintages and areas, possible.
It is essential to determine the sensory impact of the observed differences in polyphenol composition between cultivars. The results of such investigations would facilitate the prediction of facets of wine quality, such as mouth-feel or taste characteristics of specific cultivar wines on the basis of their polyphenol composition. This approach will facilitate the monitoring of the impact of specific viticultural and oenological practices on wine quality. Cultivar differences in the phenolic composition of young red wines also have important implications for the oenological management of oxidation reactions taking place during vinification and aging.
